The microscopic interaction mechanism between working fluids and shale reservoirs is the key basic issue for the efficient development of shale gas. The initial water saturation of clay-rich shale is low, and the water absorption through strong chemical osmosis is an important factor for the wellbore instability of the drilling fluid filtration loss and the low flowback rate of hydraulic fracturing. Membrane efficiency is a key parameter in evaluating the mechanical-chemical coupling of shale-fluid interaction. Because microcracks develop in reservoir shale, pressure transfer experiments are no longer capable of obtaining membrane efficiency value. In this paper, the characteristics of shale water saturation are considered. The model calculating membrane efficiency is obtained, and the shale membrane efficiency of the reservoir studied, based on the triple-layer model of clay mineral-water interface electrochemistry. Membrane efficiency of unsaturated shale depends on the excess charge density of the surface of the solid in different water saturations. The analysis of factors influencing shale membrane efficiency in unsaturated reservoirs shows that the shale membrane efficiency decreases with the increase of water saturation under unsaturated conditions. The partition coefficient of counterion in the Stern layer, cation exchange capacity, and solute concentration in pore fluid will affect the membrane efficiency of unsaturated shale. The membrane efficiency of the reservoir section shale in Fuling area is calculated and analyzed, and the water-absorbing capacity by chemical osmosis of the reservoir interval shale is evaluated based on the membrane efficiency model of unsaturated shale.
Introduction
Horizontal wells with long horizontal sections and staged fracturing technology are the key technologies for the successful development of shale gas. The engineering practice of shale gas drilling and production has found that phenomena such as drilling fluid filtration loss promote instable propagation of microcracks in boreholes within surrounding rock. Low backflow rates of hydraulic fracturing are widespread [1, 2] . Compared with conventional oil and gas reservoirs, shale has low initial water saturation but large potential for water absorption. The dynamic force of shale reservoir imbibition working fluid mainly includes two aspects: (1) the development of micronanopores with strong capillary force and (2) strong mechanical-chemical coupling and interaction between working fluid and shale reservoirs due to high clay mineral content [3] [4] [5] .
Chemical osmosis is a kind of infiltration driven by chemical gradients. Shale with semipermeable membrane properties is present in the concentration gradient, which will produce corresponding chemical osmotic pressure. The chemical osmotic problem in clay-rich shale is relevant to geophysics, environmental science, civil engineering, petroleum industry, and so forth.
Membrane efficiency is a key parameter in the study of mechanical-chemical coupling in the interaction between shale and fluid. Membrane efficiency represents the ability to restrain solute migration but allows solvent migration of a semipermeable membrane, defined as the ratio of hydraulic pressure caused by chemical osmosis to ideal osmotic pressure when balanced on both ends of a semipermeable membrane [6] . Shale is usually a nonideal semipermeable membrane, whose efficiency is between 0 and 1. The value can be obtained by a pressure transfer experiment under different chemical potential (Cretaceous clay [7] ; Wakkanai mudstones [8] ; Ghom shale [9] ).
A great deal of research has been carried out by related scholars on the microscopic mechanism of chemical osmosis and the experiment of coupling effects, and several theoretical models of membrane efficiency have been proposed [10] . According to the irreversible thermodynamic coupling flow theory, Katchalsky and Curran [11] considered that, under static conditions, thermodynamic force on the semipermeable membrane is in balance with the sum of mechanical friction forces produced by various components of solution in the membrane. Marine and Fritz [12, 13] further developed the model and calculated the rules of the membrane efficiency of four types of clay minerals: montmorillonite, chlorite, illite, and kaolinite, varying with porosity in solutions with different concentrations of NaCl. This model predicted that shale membrane efficiency would be higher at low porosity and high cation exchange capacities.
Based on the Gouy-Chapman diffuse double layer theory (DDL), Kemper and Rollins [14] , Letey et al. [15] , and Kemper and Quirk [16] superimposed ion exclusion factors in the water membrane thickness of clay particles. The theory proposes a theoretical model of membrane efficiency. It shows that the membrane efficiency under the action of the monovalent cation solution is higher than that of the divalent cation solution, and the membrane efficiency under the action of the divalent anion solution is higher than that of the monovalent anion solution. Based on this theory, Bresler [17] further found that membrane efficiency is related to the water membrane thickness and solution concentration of the clay particles, and that membrane efficiency decreases with the increase of the product of the water membrane thickness and the square root of the solution concentration. Bader [18] summarized the model and produced a calculation formula. By using the Bresler membrane efficiency model, the membrane efficiency of Pierre Shale [19, 20] , Ponza bentonite and Bisaccia clay [21] , Boom clay [22] , and CallovoOxfordian clay [23] was studied.
Neither Marine and Fritz's model nor Kemper and Bresler's model, can directly characterize the influence of water saturation on the membrane efficiency of unsaturated porous media. Aiming at the electrokinetic problem of clay-rich porous media, Leroy and Revil [24] proposed a triple-layer model (TLM) that describes the electrochemical properties of clay minerals. By using this model, the charged triple-layer structure of Stern and diffuse layers in clay-water interfaces was analyzed: the calculated results of ζ potential and low-frequency (few kHz) surface conductivity show that the structure has good applicability to the 1 : 1 type (kaolinite) and 2 : 1 type (montmorillonite) of clay minerals. Using the triple-layer theory, Revil et al. [25] and Gonçalvès et al. [26] studied the multifield coupling flow regularity of clay-rich porous media fluid. The computational model of membrane efficiency was obtained and applied in aspects such as ion diffusion of Callovo-Oxfordian argillite, fluid migration, and electrokinetic coupling. Concerning water saturation, the model is also applicable to unsaturated porous rocks [27, 28] .
Based on the triple-layer model of clay-water interfaces established by Leroy and Revil [24] , a computational model of unsaturated shale membrane efficiency is established in this paper by using the coupling constitutive equations of heterogeneous porous media. Taking water saturation into account, the change law of the membrane efficiency of clayrich porous media is analyzed by numerical calculation. Finally, the theory is applied to predict the membrane efficiency of reservoir shale in Fuling area. The distribution law of the membrane efficiency under initial watersaturated condition is obtained, and the water-absorbing capacity by chemical osmosis of per unit pore of the shale in the reservoir section is evaluated.
Electrochemical Properties of a Clay-Water Interface
The semipermeable membrane property of shale can be attributed to the charged structure on the surface of clay mineral. Clay platelets are close to each other in low aperture shale, and electrical fields overlap while charged ions are blocked in this channel. At this moment, the channel will act as a semipermeable membrane effectively (Figure 1(a) ). However, if the two clay platelets are far apart, and their electrical fields do not overlap (Figure 1(b) ), then ions can pass through the channel freely. The clay particle act as a nonideal semipermeable membrane [29, 30] . The surface of a shale clay mineral has negative charge, attracts the counterions (cations) in the liquid phase in the shale pore, and repels the electrostatic of the same sign ion. At low water saturations, the counterions are packed in a smaller volume and therefore the effective excess charge density of the pore water is relatively high. At high water saturations, the excess charge density of the pore water is relatively low, such as illustrated in Figure 2 . Membrane efficiency of unsaturated shale depends on the excess charge density of the surface of the solid in different water saturations.
A triple layer structure with the opposite sign and equal amount of charge appears on both sides of the solid-liquid interface. As shown in Figure 3 , the layers of the clay mineral-water interface are as follows: the inner Helmholtz layer (IHP), the outer Helmholtz layer (OHP), and the diffuse layer. The IHP and OHP form the Stern layer, which firmly adheres to the solid surface. In the event of an electrokinetic phenomenon, the Stern layer moves with the solid particles and causes relative sliding within the diffuse layer. The interface between the Stern layer and the diffuse layer is called the shear plane. The potential difference between the shear plane and the solution body is called ζ potential. The magnitude of ζ potential reflects the degree of charge within the solid particles.
The porous shale is saturated by two immiscible phases, with one wetting phase for the solid phase and one nonwetting phase. The pore water comprises the water molecules, 2 Geofluids plus solute species and the nonwetting phase is shale gas. In the reference state, the water saturation is defined by
where θ is the water content (volume fraction); ϕ is connected porosity. We denote by S sw the contact area between the shale solid phase and the wetting phase and by S nw the contact area between the nonwetting phase and the wetting phase. Q 0 represents the charge density of the surface minerals; Q β represents the charge density of the Stern layer; finally, Q S represents the charge density of the diffuse layer [26] .
Ignoring the gas/water interface charge, the porous shale electrical balance equation is 
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Surface of clay minerals . Under unsaturated conditions, when the water saturation is s w , the effective charge density Q V is
Under saturated conditions, the total charge density of counterion per unit pore volume
where ρ g is the grain density of shale, kg/m 3 ; CEC is cation exchange capacity, meq/g.
The volume charge density of counterion in rock pore space is
where f Q is the distribution coefficient and represents the distribution ratio of counterion in the Stern layer.
where Γ 0 X i M and Γ S X i M are, respectively, the surface position densities of counterion absorbed in the Stern layer and diffuse layer; Q is the type number of counterion in the electrolyte, z is the valence.
Membrane Efficiency of Unsaturation Porous Media
In isothermal conditions, the macroscopic flux of the salt, J s , the macroscopic current density, J c , and the Darcy velocity, J f , are all cross-coupled macroscopic fluxes. These fluxes are all dependent on thermodynamic forces, taken here as the gradients of the thermodynamics potentials. They are the chemical potential of the salt, μ f , the electrical potential, ψ, and the effective pore fluid pressure, p [25] .
The chemical potential gradient and osmotic pressure gradient are, respectively,
There is a relationship between the chemical potential gradient and osmotic pressure gradient:
By coupling the flow constitutive equation, the influence of flow potential on total current density is neglected:
Additionally,
e is the Hittorf number of the cation:
where β ± are the mobilities of anion and cation in water, m 2 /s·V. There is
Additionally, the Darcy velocity in constitutive equation is
and becomes
According to the definition of membrane efficiency of chemical osmosis,
Contrasting (18), the membrane efficiency expression of unsaturated porous media can be obtained as follows:
Sensitivity Study
The physical and chemical parameters related to the shale of organic-rich reservoirs are substituted into the above formula, and the variables are controlled appropriately. Then, the change laws of the counterion partition coefficients of the Stern layer, as well as the cation exchange capacity and the shale membrane efficiency under the influence of the solute concentration in pore fluid, are obtained under unsaturated conditions. The relevant data used in the calculation are shown in Table 1 .
Partition Coefficient of Counterion in the Stern
Layer. By (10), the partition coefficient f Q is defined as the surface concentration of counterions in the Stern layer, divided by the total surface concentration of counterions in both the diffuse layer and the Stern layer. By using the triple-layer model, Leroy and Revil [31] calculated and obtained that the pure clay mineral kaolinite f Q is 0.98, illite f Q is 0.90, and smectite f Q is 0.85. Revil [32] analyzed the electrical double-layer structure of argillaceous sandstone and obtained that f Q is from 0.89 to 0.99. With high solute concentration in pore fluid, the charged layer is compressed, and the specific gravity of the counterion in the Stern layer is larger. The value of f Q ranges from 0.90 to 0.98 for sensitivity analysis of the parameter in this paper.
The calculated results of membrane efficiency varying with water saturation under different partition coefficients are shown in Figure 4(a) . The membrane efficiency decreases with the increase of water saturation when the partition coefficients are different. The partition coefficient of counterion in Stern layer approaches 1, and the membrane efficiency approaches 0 when under full-saturated conditions. At this time, shale cannot act as a semipermeable membrane. The membrane efficiency decreases at different rates while water saturation increases. When the water saturation increases to 60%, the reduction of membrane efficiency decreases. The larger the partition coefficient is, the larger the reduction of membrane efficiency is. As shown in Figure 4 (b), for shale with different water saturation, the membrane efficiency decreases with the increase of partition coefficient; if the partition coefficient is greater than 0.96, the reduction of shale membrane efficiency, varying with the increase of partition coefficient, is larger with different levels of water saturation.
Cation Exchange Capacity (CEC).
The CEC represents the capacity of a porous material to exchange cations between the mineral surface and the solution in pore fluid. According to the clay mineral content and composition of reservoir shale, sensitivity analysis of cation exchange capacities in the range of 0.03-0.13 meq/g was carried out, with the curve of membrane efficiency varying with water saturation under different CECs and the curve of membrane efficiency varying with CEC under different water saturation. The results are shown, respectively, in Figure 5 .
With a different cation exchange capacity, the trend of membrane efficiency decreasing with the increase of water saturation is different. The membrane efficiency of low CEC shale further decreases with the increase of water content, and the membrane efficiency is lower under saturated conditions. Too low of a cation exchange capacity will render the shale ineffective as a semipermeable membrane, and higher cation exchange capacity of the shale corresponds with higher membrane efficiency under full saturated conditions. This conclusion is consistent with the research results of Marine and Fritz [12] . Under different water-saturation conditions, the membrane efficiency will increase with the increase of CEC and will change from rapid increase to a gentle increase. Shale membrane efficiency is higher with low water saturation and high cation exchange capacity.
Solute Concentration in Pore Fluid.
Fluid salinity is high in marine sedimentary shale formations. The study of the effect of solute concentration in pore fluid on shale membrane efficiency under unsaturated conditions is conducted in the range of 0.02~0.27 mol/L. As shown in Figure 6 , the membrane efficiency decreases with the increase of water saturation under different solute concentrations in pore fluid. Under full saturated conditions, the solute concentration in pore fluid of shale acting as a semipermeable membrane grows higher as membrane efficiency grows lower. This conclusion agrees with the research of Bresler [17] and Bader [18] in their study of membrane efficiency and solution concentration. Under unsaturated conditions, shale membrane efficiency also decreases with the increase of solute concentration in pore fluid. As solute concentration increases, the reduction rate of membrane efficiency is initially quick but later becomes slow. It eventually tends to gentle decline. Note: The mobilities of ions in water is 298 K NaCl aqueous solution.
Geofluids
Application
Membrane efficiency of Fuling shale was analyzed by using the abovementioned unsaturated porous membrane efficiency model, which in consequence evaluated the water-absorbing capacity by chemical osmosis of the shale.
The Cation Exchange Capacity of Reservoir Shale.
Through experiments with five reservoir shale samples in the Fuling area, the cation exchange capacity of shale was determined to be 0.058~0.094 meq/g, and the value of specific surface area is between 16 and 28 m 2 /g. The experimental results is close to the research of Fuling shale obtained by Lin et al. [33] . In contrast with the cation exchange capacity of different single clay minerals and argillaceous sandstone [34] , the cation exchange capacity of Fuling shale is low, as shown in Figure 7 .
The experimental results of rock core, whole-rock mineral content in the reservoir interval, show that the content of clay minerals is 17.5%~59% with an average of 38.26%, which 
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shows an upward trend from bottom to top. The clay minerals mainly include mixed layer minerals of illite/smectite and illite, followed by chlorite (Figure 8 ). The ratio of illite/smectite in mixed-layer minerals is 10%. The low cation exchange capacity of the major clay minerals is responsible for the low cation exchange capacity of the Fuling shale. Aiming at the reservoir shale containing multicomponent clay minerals in the whole well, its cation exchange capacity is determined by the clay mineral content of each component and the cation exchange capacity of a single mineral [35] .
where χ i and CEC i are, respectively, the mass fraction of the clay mineral component i and the cation exchange capacity, the subscripts I, C, and S, respectively, represent illite, chlorite, and smectite. Shaly Sands [34] Shale [33] Shale (this work) Cation exchange capacity (meq/g) Figure 7 : Relationship between specific surface area and cation exchange capacity.
According to the reference range for the cation exchange capacity of each clay mineral, the shale clay mineral content and measured shale cation exchange capacity were fitted to determine the CEC calculated values of the three clay minerals, as shown in Table 2 .
In Figure 9 , the distribution results of clay mineral content show reservoir interval shale and CEC varying with depth. As the depth of the well increases, the total amount of clay minerals decreases. The contents of three types of clay minerals thus decrease in turn. The shale cation exchange capacity is mainly in the range of 0.06~0.12 meq/g, decreasing with the increase of well depth.
The Membrane Efficiency of Reservoir Shale.
Parameters such as reservoir interval core porosity and initial water saturation are used as they are substituted into the shale membrane efficiency model. Additionally, the vertical distribution of shale membrane efficiency under the original formation condition is calculated and obtained, which is used to characterize the water-absorbing capacity by chemical osmosis.
The calculating parameters and results regarding reservoir shale are shown in Figure 9 . Shale grain density ranges from 2581 to 2790 kg/m 3 , decreasing with the increase of well depth. The porosity of reservoir shale is mainly in the range of 3%~5%; the minimum value is 1.95%, and the maximum value is 5.27%. The overall trend is as follows: the shale porosity increases as well depth decreases. Initial water saturation of cores is measured in the range of 20%~60%, which is highly correlated with shale clay mineral content and decreases with the increase of well depth. Solute concentration in shale pore fluid is equivalent to 0.2 mol/L NaCl solution. The calculated initial water-saturated membrane efficiency of shale is mainly in the range of 0.4~0.6. The minimum is 0.38; the maximum is 0.73; and the average is 0.48. Although reservoir interval shale grain density, porosity, initial water saturation, and cation exchange capacity each correlate with depth by their own law, the initial watersaturated membrane efficiency of shale does not change significantly with depth under the comprehensive influence.
With water saturation at 100%, the membrane efficiency of reservoir shale under full water-saturated conditions is calculated, with results being shown in Figure 9 . The membrane efficiency of shale under full water-saturated conditions is mainly in the range of 0.05~0.25; the minimum is 0.02, and the maximum is 0.31. As the calculating values of water saturation are the same (100%), the membrane efficiency of shale shows a good correlation law with well depth, and the membrane efficiency of shale decreases with the increase of well depth.
Water-Absorbing Capacity by Chemical Osmosis of
Reservoir. The reservoir shale has high membrane efficiency at initial water saturation. Water absorption increases water saturation, causing membrane efficiency to decrease. According to calculation results in Section 5.2, initial water saturation and membrane efficiency of a reservoir interval core under saturated conditions both change regularly as the well depth changes. To characterize the chemical osmotic kinetics of unit pore volume in the process of water absorption, its membrane efficiency is calculated on a range from initial water saturation s wi to a full water saturated condition. Formula (22) is used to integrate membrane efficiency within the scope of the water adoption saturation and to Figure 10 calculates the membrane efficiency of some layers of the reservoir shale by using the average of various physical property parameters. The initial water saturation of each layer shale increases with the number of layers, and the corresponding initial water-saturated membrane efficiency is close. Membrane efficiency decreases with the increase of water saturation, and the membrane efficiency of shale water adoption under saturated conditions increases with the number of layers. However, the integral interval decreases as it moves from initial water saturation to a full water saturated condition, leaving no obvious difference between the integral values of membrane efficiency of water absorption interval.
Longitudinal changes within the water-absorbing capacity by chemical osmosis of reservoir interval shale are shown in Figure 9 , and the average value of each layer is shown in Table 3 . The water-absorbing capacity by chemical osmosis per unit pore of shale is mainly within the range of 0.14~0.17, the overall difference between the layers being not large. The minimum average value is found in the ⑧ layer, whereas the average value of ① layer is the largest. Under the condition that there is not much difference in water-absorbing capacity by chemical osmosis per unit pore of reservoir shale, the water absorption capacity of each layer of shale depends more on its porosity.
Conclusion
(1) Based on the electrochemistry theory of a clay mineral-water interface, a computational model of the shale membrane efficiency considered water saturation is obtained by using the constitutive equation of multiphase porous media coupling and parameter transformation.
(2) Under unsaturated conditions, the membrane efficiency of shale will decrease with the increase of saturation of water. At high partition coefficient of counterion in the Stern layer, high cation exchange capacity, and low solute concentration in pore fluid, the membrane efficiency of shale is relatively high.
(3) The clay minerals within reservoir shale in Fuling area have a low cation exchange capacity, and the cation exchange capacity of reservoir shale is mainly in the range of 0.06~0.12 meq/g, which decreases with the increase of well depth. Elementary charge (C) f Q : Fraction of charge located in the Stern layer J c :
Macroscopic current density (A·m Porosity of the shale μ f :
Chemical potential of the salt (J) ψ:
Electrical potential (V) π:
Osmotic pressure (Pa) σ:
Membrane efficiency σ e :
Electrical conductivity of the shale (S·m 
Data Availability
The data used to support the findings of this study are available from the corresponding author upon request.
Conflicts of Interest
The authors declare that they have no conflicts of interest.
